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a b s t r a c t 
The aim of this work was to assess the effect of the bimetallic system Fe–Cu on the ozonation efficiency 
of indigo carmine and its main degradation product, isatin-5-sulfonic acid. As reference, experiments with 
single metal particles were also conducted. The metallic systems were synthesized by a chemical reduc- 
tion method and characterized by EPR and HR-SEM/EDS. Cu and Fe oxidation states were found to be 2 + . 
The ozonation process was carried out in an up-flow bubble column. The organic compounds concentra- 
tion was determined by UV–vis spectroscopy. The degree of oxidation and mineralization was determined 
by COD and TOC measurements, respectively. The effect of pH was also studied. It was found that the use 
of the bimetallic system not only considerably (by three times) improves the ozonation rate but also the 
mineralization degree of indigo carmine. The best results (97% indigo carmine removal and 92% of TOC 
removal) were obtained at pH 3 and with 10 0 0 mg/l of Fe/Cu particles. 












































A vast amount of water is employed by the textile industry. In
he dyeing process, the produced wastewater contains strong color,
hich is reflected in a high chemical oxygen demand (COD). It
as been estimated that 1–15% of the dye is lost during dyeing
nd finishing processes and it is released in the wastewater [1–3] .
he discharge of effluents into the environment containing reactive
yes can interfere with sunlight transmission into flowing streams
4–7] . Available techniques for removing dyes have been studied
s photodegradation [8] , adsorption filtration [9] , coagulation and
iological treatments [10] . However, the stability of the organic
olecules present in the dyes is high, and some of these methods
re not completely effective. Therefore, recent progress on water
reatment based on the chemical oxidation of organic compounds
y advanced oxidation processes (AOPs) like ozonation have drawn
ttention [11] . Ozonation, which is effective, versatile, and envi-
onmentally sound, has been proved to be in recent years a good
ethod for color removal. Ozone is a strong oxidant ( E ° = 2.07 V)
nd reacts rapidly with most organic compounds degrading them∗ Corresponding authors. 
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876-1070/© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All r12,13] . In AOPs hydroxyl radicals ( ●OH) are used as oxidant, which
s capable of oxidizing almost any organic substance. The funda-
ental feature of the radical is the existence of a single electron,
nstead of a free electron pair. This electron makes the ●OH radi-
al highly reactive. The oxidation of organic substances takes place
n stages, with formation of intermediates, due to the high stabil-
ty of organic molecules present in the dye-products. In the case of
rganics’ complete oxidation, these are transformed into inorganic
nd products, water and carbon dioxide or mineralization of the
olecule [14,15] . In spite of more efficient processes, the catalyzed
zonation has been successfully studied. In this sense, bimetallic
ystems have emerged as promising catalysts for environmental re-
ediation. Their strong reducing ability can be used to remove nu-
erous environmental pollutants ( e.g. , heavy metals, halogenated
rganic compounds, nitro and azo compounds, and oxyanions)
16–19] . As a new class of materials comprising two different met-
ls, bimetallic particles or metal oxides exhibit new functionali-
ies because of synergy rather than merely additive effects of the
etals [20–22] . In this work, the effect of adding metallic (Fe
nd Cu) and bimetallic particles (Fe–Cu) on the ozonation pro-
ess efficiency is assessed. Indigo carmine and its main degrada-
ion product isatine-5-sulfonic acid [23–25] , were elected as model
olecules. The indigo carmine dye is widely and mainly used in
he textile industry for denim dyeing. ights reserved. 








































































































t  2. Materials and methods 
2.1. Reagents 
Sulfuric acid, sodium hydroxide, iron sulfate (II), copper sul-
phate (II), indigo carmine dye (IC), isatin5-sulfonic acid (ISA) and
sodium borohydride analytical grade were purchased from Sigma-
ldrich Chemicals. 0.1 M solutions of the acid and the base were
used without further purification to adjust the solutions pH to 3, 5
and 7. Ozone was generated in situ from dry air by an ozone gen-
erator (Pacific Ozone Technology), with an average production of
0.005 g/l. 
2.2. Synthesis of Fe, Cu and Fe / Cu particles 
In order to synthesize the binary Fe / Cu system, 250 ml of 0.01 M
iron sulfate (II) solution and 250 ml of 0.01 M copper sulfate were
mixed in a beaker at 300 rpm using glass stirrers. The solution pH
was adjusted by the dropwise addition of 0.5 M NaOH solution. The
pH was monitored with a potentiometer (15 Conductronic Digi-
tal pH–mV–pH–Meter °C). Subsequently and in concordance with
reaction 1 [26] the chemical reduction of the particles was con-
ducted by adding an excess (1.1 M, 100 ml) of sodium borohydride
solution under a nitrogen atmosphere. The black colored precipi-
tate was further stirred 15 min and this was followed by vacuum
filtration through a 0.2 mm cellulose acetate filter paper. The boro-
hydride in excess was removed with ethanol and acetone. The Fe
and Cu particles were synthesized in a similar manner albeit sep-
arately under similar conditions. 
2F e 2+ + 2C u 2+ + 2 H 2 O + BH −4 + 4 e − → 2 Fe ( Cu ) (s) 
+ BO −2 + 4 H + + 2 H 2(g) (reaction 1)
2.3. Ozonation experiments 
The ozonation experiments were conducted in a 1 l up-flow
glass bubble column reactor. Ozone was continuously produced by
an ozone generator and was fed through a 2 μm pore size gas
diffuser at the lower part of the reactor. The effect of three ma-
terials (Cu, Fe and Fe / Cu particles) on the ozonation process ef-
ficiency was assessed. The effect of pH was also studied in the
range of 3–7. At all experiments the indigo carmine (IC) initial con-
centration was 500 mg/l. As control experiments, IC concentration
profiles were established by adsorption and by ozonation alone.
For the adsorption experiment, only particles without any ozone
supply were employed in order to discard the removal of IC by
physical means. To avoid discharging ozone to the atmosphere, the
unreacted ozone was trapped and destroyed in a heated catalytic
ozone destroyer (Pacific Technology d41202). Samples were taken
at specific time intervals to be analyzed by different techniques
(UV–vis spectrophotometry, TOC and COD). All experiments were
carried out at 288 K. 
2.4. Characterization of Fe, Cu and Fe / Cu particles 
2.4.1. High resolution scanning electron microscopy (HR-SEM/EDS) 
Micrographs were obtained in a JEOL JSM 6510LV instrument
at 15 kV with 10 mm WD using both secondary and backscattered
electron signals. The metallic particles samples were coated with a
20 nm gold thin film using a Denton Vacuum DESK IV sputtering
equipment with a gold target. 
2.4.2. Electron paramagnetic resonance (EPR) 
EPR measurements were conducted in a quartz tube at 77 K
with a JES-TE300 JEOL spectrometer operating at X- band fash-
ions at 100 KHz modulation frequencies and a cylindrical cavity inhe TE 011 mode. The external calibration of the magnetic field was
ade with a precision gauss meter JEOL ES-FC5. Spectral acqui-
ition and manipulations were performed using the program ES-
PRITS/TE. The EPR spectrum was recorded as a first derivation and
he main parameter such as g -factor values were calculated accord-
ng to Wertz [27] . 
.5. Chemical analysis 
The concentration of indigo carmine was determined by UV–vis
pectrophotometry by using a Perkin Elmer Model Lambda 25 UV–
is spectrophotometer with a wavelength range of 190–10 0 0 nm.
he samples were scanned at a rate of 960 nm/s in a quartz cell
ith 1 cm optical path. The samples absorbance was scanned at
avelengths from 200 to 900 nm. A maximum absorbance of IC at
10 nm was observed and for isatin5-sulfonic acid a maximum ab-
orbance at 303 nm was determined. This was corroborated with
he corresponding standards. All experiments were carried out at
oom temperature (19 °C ± 2). In addition, to determine the degree
f mineralization of indigo carmine, total organic carbon (TOC)
nalyses were performed in a Shimadzu analyzer TOC-LCPH/CPN
nd chemical oxygen demand (COD) of the samples was deter-
ined using the American Public Health Association (APHA) stan-
ard procedures [28] . 
. Results and discussion 
.1. Characterization 
.1.1. HR-SEM/EDS of Fe, Cu and Fe / Cu particles 
Fig. 1 presents a SEM/EDS image of prepared Fe, Cu and Fe/Cu
articles, before reaction with IC. It can be observed that Fe and Cu
articles are spherical in nature (size 50–90 × 10 −3 μm) and con-
ected together forming cumulus, as shown in Fig. 1 a and b. The
EM/EDS image of Fe / Cu ( Fig. 1 c) shows particles also forming a
hain most probably due to the magnetic interaction between par-
icles [29] , which causes the rapid reduction rate of metal ions, in
ll cases. 
.1.2. Electron paramagnetic resonance (EPR) 
In order to determine the oxidation state of Cu and Fe in the
ynthesized materials before and after their use in the ozonation
rocess, X-band EPR spectra of Cu, Fe and bimetallic Cu/Fe par-
icles were recorded at 77 K ( Fig. 2 ). The presence and oxidation
tate of Cu(II) atoms could be easily identified because only Cu(II)
electronic configuration 3d 9 , S = 1/2) is active at this spectroscopy.
he EPR spectra of Cu particles before and after their use in the
zonation process are almost symmetrical singlets ( Fig. 2 a) with
sotropic g values of 2.394025 and 2.39001, respectively, which are
ypical of Cu(II) [27,28] . The absence of the superfine lines and a
road shape signal is explained by the fast rotation of particles in
ater and interparticle interactions, which results in an isotropic g
ensor [28] . On the other hand, samples containing fresh Fe parti-
les (before being used in the ozonation process) are EPR silent
ndicating a oxidation state + 2. Interestingly, after degradation,
hese samples show a typical broad signal of Fe(III) with isotropic
 = 3.11152 (electronic configuration 3d 5 , S = 3/2) ( Fig. 2 b). Fig. 2 c
hows the EPR spectra of bimetallic Fe/Cu samples. The spectrum
f these particles prior their use in the ozonation process shows a
ignal with axial symmetry with two g values, the first high inten-
ity band around g = 2.18023 and a less intense one at g = 2.2034.
here are not observed signals that correspond to Fe(III) atoms in
his spectrum. The g values follow the order g ⊥ > g ‖ > 2.1823 [30] .
hese values are rather characteristic of Cu(II) ions forming CuO
lusters located in octahedral sites [38]. In contrast, the EPR spec-
rum of the used Fe/Cu particles shows two broad overlapping
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6  ands. The first signal with isotopic value of g = 2.08196 indicates
he presence of Cu(II) atoms and the second less intense signal
ith g = 3.3398 can be attributed to Fe(III) ions with intermedi-
te spin state S = 3/2. From this spectrum is difficult to determine
hether there is an interaction Fe(III)/Cu(II), the only clear conclu-
ion is the presence of Cu(II) and Fe(III) in the already used ma-
erial [38]. It is also worth pointing out that by this technique the
resence of Fe(II) is acknowledged prior use and cannot be disre-
arded in the spent material. 
.2. UV–vis spectra of IC and isatin 5-sulfonic acid 
Fig. 3 shows the characteristic UV–vis spectra of ICand ISA
tandards at 10 mg/l. In this figure, the observed maximum absorp-
ion band at 610 nm is characteristic of IC and is ascribed to aux-
chromes (N, SO ) together with the benzene ring [12] . It can also3 e observed that the characteristic ISA UV–vis spectrum exhibits a
aximum of absorbance at 304 nm. 
.3. Ozonation 
.3.1. Effect of Fe, Cu or Fe / Cu addition 
The effect of adding Fe, Cu or Fe / Cu particles on the removal
f IC by ozonation was studied and followed by UV–vis spec-
rophotometry. For this purpose, two types of experiments were
erformed. One set of experiments was conducted only with the
etallic system (without adding ozone) and another type of ex-
eriments was conducted with ozone plus metallic particles. The
ormer was performed in order to verify the amount of IC re-
oved by adsorption with each metallic system. It was found that
he maximum removal of IC by adsorption was 5.2, 4.2 and less
han 2.0% by the Fe/Cu, Fe and Cu particles, respectively, after
0 min. Therefore, it can be concluded that the effect of adding a
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Fig. 2. EPR spectra of fresh and used. 




















f  etallic system alone on the removal of IC is not significant .Re-
arding the ozonation process, Fig. 4 shows the samples UV–vis
pectra after 60 min of ozonation under pH = 3 when Fe, Cu or
e/Cu particles are added (10 0 0 mg/l) to the process. By comparing
he absorbance at 610 nm, it can be observed that within 60 min
f reaction, ozonation alone does not fully remove the IC, since
nly 58% removal is achieved. However, when Fe, Cu or Fe / Cu par-
icles are added to the reaction system, the absorbance at 610 nm
s substantially diminished. Actually, according to the UV–vis spec-
ra depicted in Fig. 4 when adding Fe or Cu particles, the IC re-
oval efficiency was 60 and 70%, respectively. Also, it is worth
oticing that the use of the bimetallic system implies a substan-
ial enhancement of the IC removal (97%).The positive effect of the
ddition of metallic particles to the ozonation system can be as-
ribed to the improvement of the ozone decomposition. When the
emoval of IC is by ozonation only, the generation of free oxidant
adicals and hydrogen peroxide is expected through reactions 2, 3
nd 6 [31] . Therefore, the oxidation of the IC molecule is likely
o occur via direct oxidation by the ozone molecule and by the
ree hydroxyl ( •OH) and hydroperoxyl ( HO •2 ) radicals generated in
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eactions 2 and 6 [32] . Concomitantly, these radicals are either
onsumed by the oxidation of IC or in the production of hydrogen
eroxide and superoxide anion (reactions 4 and 5) [15,32] . This an-
on leads to the further production of both hydrogen peroxide and
ydroxyl radicals (reactions 7 and 8). 
 O 3 + H 2 O → H O • + 2 O 2 + HO •2 (reaction 2)
 3 + 3 H 2 O → 3 H 2 O 2 (reaction 3)
1 
2 
H 2 O + H O • → H 2 O 2 (reaction 4)
O •2 ↔ O •−2 + H + (reaction 5) 
 2 O 2 → HO •2 + H + (reaction 6) 
 O •−2 + 2 H + → H 2 O 2 + O 2 (reaction 7)
 
•−
2 + H 2 O 2 → H O • + H O − + O 2 (reaction 8)
Once the hydrogen peroxide is formed then the peroxonation
rocess may be also occurring [31] . During this process the anion
( HO −2 ) is formed in reaction 9 and reacts with ozone to either pro-
uce the hydroperoxyl radical (reaction 10) or an aduct (reaction
1) that has been reported [31] to be vital for the formation of the
nion O •−
3 
(reaction 12). The presence of this anion is important
ince further participates in the production of hydroxyl radicals via
eaction 13. 
 2 O 2 ↔ HO −2 + H + (reaction 9) 
O −2 + O 3 ↔ HO •2 + O •−3 (reaction 10)
O −2 + O 3 ↔ HO −5 (reaction 11) 
O −5 ↔ HO •2 + O •−3 (reaction 12) 
 
•−
3 + H + ↔ H O 3 → H O • + O 2 (reaction 13)
hen Fe 2 + is introduced, it enhances ozone decomposition to pro-
uce additional •OH radicals either through the reaction with O •−
3 nion (reactions 13–15) or through the formation of (FeO) 2 + (re-
ction 15) [33] . Regarding Cu, there is an intermediate reaction
o promote the generation of free radicals via reaction 17 [34] . It
s worth pointing out that reaction 17 has been recently reported
34] and only theoretically demonstrated. 
 3 + F e 2+ → O •−3 + F e 3+ (reaction 14)
 3 + F e 3+ → Fe O 2+ + O 2 (reaction 15)
 3 + 3 C u + + 6 H + → 3 H 2 O + 3 C u 2+ (reaction 16)
 CuO ] + n + O 3 + H 2 O → 2 H O • + O 2 + [ CuO ] n (reaction 17)
In addition to the aforementioned reactions, the production of
xidant radicals, •OH and or HO •2 (reaction 24), via Fenton (18–21)
nd Fenton-like reactions (22–23) cannot be neglected since a sub-
tantial improvement of IC degradation is observed when metallic
articles are added to the ozonation process [35] . Therefore, the
atalytic effect of these materials should be acknowledged. 
 e 2+ + H 2 O 2 → 2 H O • + F e 3+ (reaction 18)
 19 = 70 M −1 s −1 [ 36 ] 
 e 3+ + H 2 O 2 → H + + HO •2 + F e 2+ (reaction 19)
 20 = 0 . 001 − 0 . 01 M −1 s −1 [ 36 ] 
 e 2+ + H O • → H O − + F e 3+ (reaction 20)
 21 = 3 . 2 × 10 8 M −1 s −1 [ 36 ] 
 e 3+ + HO •2 → F e 2+ + H + + O 2 (reaction 21)
 22 = 1 . 2 × 10 6 M −1 s −1 [ 35 ] 
 u 2+ + H 2 O 2 → HO •2 + H + + C u + (reaction 22)
 23 = 4 . 6 × 10 2 M −1 s −1 [ 37 ] 
 u + + H 2 O 2 → C u 2+ + H O • + H O − (reaction 23)
 24 = 1 × 10 4 M −1 s −1 [ 34 ] 
 O • + H O • → H 2 O 2 (reaction 24)
 25 = 4 . 2 × 10 8 M −1 s −1 [ 35 ] 
 e 2+ + C u 2+ + 3 H 2 O 2 → 3 H O • + HO •2 + H 2 O + F e 3+ + C u 2+ 
(reaction 25) 
 16 H 8 N 2 O 8 S 
2 −
2 + 28 H 2 O → 16 C O 2 + 2 NH + 4 + 2 S O 2 + 56 H + 
(reaction 26) 
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Fig. 5. Effect of catalyst (Fe, Cu and FeCu particles). 
Table 1 
Effect of the addition of metallic particles to the ozonation 
process on the IC initial oxidation rate. 
Treatment Only O 3 Cu Fe Fe/Cu 
−r IC0 (mol/dm 3 s)x10 6 2.40 4.1 1.9 8.00 




















Analysis of total organic carbon in the materials used as catalysts. 
Total carbon Organic carbon Inorganic carbon 
mg/l 
[IC] = 500 mg/l 206 ± 5 202 ± 5 4 ± 5 
Ozone (60 min) 58 ± 5 55 ± 5 3 ± 5 
Fe (60 min) 82 ± 5 80 ± 5 3 ± 5 
Cu (60 min) 40 ± 5 38 ± 5 3 ± 5 






































In the above reactions, the kinetic constants as previously re-
ported [33,35–37] were also included. It can be observed that the
production of oxidant radicals is about three orders of magnitude
higher through Fenton like than through the Fenton process. This
can explain the differences observed in the concentration profiles
of both, the IC and the ISA, shown in Fig. 5. From data shown in
Fig. 5 a, the initial IC reaction rate ( −r IC0 ) was obtained and the
results are presented in Table 1 . It is confirmed that the fastest IC
oxidation process is when the bimetallic system is added. However,
it can also be concluded that the oxidation rate with Cu is about
twice faster than when adding Fe particles and this can be ascribed
to the kinetics of reactions 18–23. Moreover, the relatively low con-
centration of ISA observed in Fig. 5 b when ozonation is catalyzed
with Cu, confirms that hydroxyl radicals are faster produced and
therefore consumed in the further oxidation of ISA with Cu than
with Fe particles. This is in concordance with the measurements
of Chemical Oxygen. 
Demand ( Fig. 6 ) and Total Organic Carbon after 60 min of reac-
tion ( Table 2 ). The observed improvement when adding bimetallicarticles may be explained by acknowledging reactions 2–26, i.e.
OH radicals are simultaneously produced by ozonation, peroxona-
ion, Fenton and Fenton-like reactions. Furthermore, by contrasting
he concentration profiles shown in Fig. 5 , it can be concluded that
he use of the bimetallic system not only enhances the degradation
f the IC molecule but also positively affects the degradation of
SA. Nevertheless, the ISA is not fully oxidized by any of the stud-
ed systems at the essayed reaction time. As expected from these
esults, the Chemical Oxygen Demand (COD) ( Fig. 6 ) nor the TOC
alues ( Table 2 ) are zero for any of the studied treatments. How-
ver, through an insightful analysis of Figs. 5 and 6 , it can be in-
erred that at lower ISA concentrations, ozone and cupper rather
romote the oxidation of ISA byproducts than the ISA oxidation.
his can be stated since during both processes, ozone alone and
 3 + Cu, the reaction rate of ISA between 10 and 60 min is practi-
ally zero ( Fig. 5 ) while the COD diminishing rate is evident ( Fig. 6 )
uring the same period of time. Hence, since no change in ISA con-
entration is evident during this time, the change of COD can be
scribed to both, the reduction of IC concentration and to the fur-
her oxidation of the produced carboxylic acids, i.e. oxalic and ox-
mic acid. The presence of these compounds as ISA oxidation prod-
cts has been previously reported [11] . Samples TOC values after
0 min of reaction for each treatment where established and are
resented in Table 2 . It can be concluded that after 60 min of re-
ction, full mineralization (reaction 26) is not achieved with none
f the studied systems as already suggested by the shown results
n Figs. 5 and 6 . The use of the bimetallic system Fe / Cu, however,
eads to the maximum mineralization degree of the treated solu-
ion (a final value of 13 mg/l was achieved). It is worth pointing
ut that according to NOM-014-CONAGUA-2003, a maximum of
6 mg/l of TOC is required for artificial recharge with treated waste
ater. It is also worth noticing that Fe is the less effective metal-
ic system to oxidize ISA and hence to remove organic carbon. This
ay be due to the easiness of Fe to be oxidized by reactions 14, 18
nd 20. In addition, reactions 18 and 20 may occur more rapidly
han reaction 20 by which the active specie Fe 2 + is regenerated. 
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.4. Effect of pH on the degradation of IC 
Because of effectiveness reasons, the effect of pH was only eval-
ated when Fe/Cu particles were added to the ozonation treat-
ent. The effect of this variable was evaluated at pH values of 3,
 and 7. Alkaline pH values were avoided in order to reduce the
ormation of hydroxides and oxides. Fig. 7 shows that the degra-
ation efficiency increased when decreasing pH, and a maximum
fficiency (97%) was observed at pH 3 after only 10 min of treat-
ent. This behavior can be related to the highest generation rate
f the main oxidant •OH via Fenton (reactions 18–21) and Fenton
ike reactions (reactions 22 and 23), since its optimum pH is 2.8
37] , very close to pH 3.0 where indigo carmine and its products
re more rapidly destroyed. 
. Conclusions 
By a chemical reduction method, the synthesis of Fe 2 + , Cu 2 + 
nd Fe 2 + /Cu 2 + particles were possible. The effect of these materials
n the IC degradation by ozonation was established. The bimetallic
ystem Fe/Cu was the most efficient in terms not only of IC re-
oval but also regarding by-products oxidation. In the same sense,
t can be stated that Fe is the less effective material. At all cases,
 catalytic effect cannot be neglected through Fenton and Fenton-
ike reactions. pH is a variable of paramount importance in the
zonation process. The highest mineralization degree (94%) and
OD reduction (95%) of the IC solution was achieved after 10 min
f ozonation under pH 3, ozone dose of 0.0 05 g/l, 10 0 0 mg/l of
e/Cu. 
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